In the translation process, aminoacyl-tRNAs (aa-tRNAs) are delivered to the ribosomal A site by elongation factors, and translates mRNA codons into amino acids. Ribosomes then move on mRNA by one codon and incorporate newly delivered aa-tRNAs in the A site. By repeating this cycle, ribosomes move on mRNAs, incorporate specific amino acids via aa-tRNAs, and synthesize polypeptides correctly reflecting mRNA sequence. Usually, ribosomes finally reach stop codons on mRNA, and polypeptide release and ribosome recycling occur by release factors and recycling factors[@b1-9_131]--[@b3-9_131].

However, when ribosomes translate aberrant mRNAs, they are trapped at the aberrant region of mRNA and stall[@b4-9_131]. Such aberrant mRNAs should be eliminated because they trap functional ribosomes and produce truncated aberrant proteins harmful to cells. Eukaryotes have mRNA surveillance systems to eliminate aberrant mRNAs[@b4-9_131],[@b5-9_131]. When a ribosome stalls on a premature stop codon, a stop codon upstream of authentic one, the problem is solved by nonsense mediated decay (NMD) pathway[@b6-9_131]. In NMD in multicellular organisms, release factors, Upf1 and SMG proteins detect ribosomes stalled on a premature stop codon. Then, the premature stop codon-containing mRNA is endonucleolytically cleaved by SMG6, followed by the degradation by exonucleases such as Xrn1 and exosome[@b6-9_131],[@b7-9_131]. When a ribosome is blocked by the aberrant structure of mRNA such as stem loop and damaged nucleotides, the endonucleolytic cleavage and subsequent degradation of the aberrant mRNA and dissociation of stalled ribosomes occur by No-go decay (NGD) pathway[@b8-9_131]--[@b10-9_131].

NGD depends on two protein factors: Dom34 (Pelota) and Hbs1[@b8-9_131] ([Table 1](#t1-9_131){ref-type="table"}). Dom34 is related to eukaryotic release factor 1 (eRF1), which is delivered to the ribosomal A site by eRF3 and detects a stop codon in the translation termination[@b11-9_131]--[@b13-9_131] ([Table 1](#t1-9_131){ref-type="table"}). Hbs1 is related to translational GTPase proteins such as bacterial elongation factor (EF-Tu), eukaryotic/archaeal elongation factor (e/aEF1α), eRF3, and so on[@b14-9_131] ([Table 1](#t1-9_131){ref-type="table"}). Because Hbs1 forms a stable complex with Dom34[@b15-9_131], Hbs1 is considered to deliver Dom34 to the stalled ribosomal A site just as eRF3 carries eRF1 to the ribosomal A site harboring a stop codon[@b16-9_131] ([Table 1](#t1-9_131){ref-type="table"}). On the other hand, in archaea, archaeal homolog of Dom34 (aPelota) is widely conserved, whereas that of Hbs1 does not exist in the archaeal genome[@b17-9_131]. Instead, aEF1α interacts not only with tRNA but also with archaeal homolog of eRF1 (aRF1) and aPelota, and is therefore considered to perform three different functions: translation elongation, termination, and NGD[@b17-9_131] ([Table 1](#t1-9_131){ref-type="table"}).

However, recent studies revealed more extended functions of Dom34 and Hbs1 in translation. Ribosomes translating the aberrant mRNA lacking a stop codon reach the 3′ poly(A) tail of mRNA and translate it into polylysine sequence. The synthesized polylysine sequence also causes ribosomal stall, possibly because positively charged polylysine sequence forms the electrostatic interaction with the negatively charged ribosomal exit tunnel[@b5-9_131],[@b18-9_131]. The binding of RACK1 and Hel2 proteins to ribosomes is required for this translation arrest[@b18-9_131],[@b19-9_131]. In addition, the 5′ side of mRNAs truncated by NGD also cause ribosomal stall at their 3′ ends because they harbor neither stop codons nor poly(A) tail[@b20-9_131]. The degradation of such kinds of aberrant mRNAs and dissociation of stalled ribosomes from them were initially considered to be performed by nonstop decay (NSD) pathway involving Ski7 protein[@b21-9_131],[@b22-9_131], but NSD was shown to involve Dom34 and Hbs1 and cause endonucleolytic cleavage of mRNAs[@b9-9_131],[@b18-9_131],[@b20-9_131]. Therefore the pathway of NSD seems to be essentially the same with that of NGD. Furthermore, Dom34 and Hbs1 were reported to be responsible for the elimination of defective ribosomes stalled on mRNAs, whose 18S rRNAs forming the decoding site in their 40S subunits harbor deleterious mutations (18S NRD)[@b23-9_131],[@b24-9_131]. Therefore, Dom34/Pelota and Hbs1 are involved in solving broad range of problems of ribosomal stall in translation. However, in order to understand the functional roles of Dom34/Pelota and Hbs1, structural information of these factors is necessary. In this review, we focus on our understanding of the functional roles of Dom34/Pelota and Hbs1 in NGD obtained by recent structural studies, and present questions to be answered by future work.

Structures of aPelota/Dom34
===========================

Crystal structures of aPelota/Dom34 from archaea (aPelota) and yeast (Dom34) are shown in [Figure 1A](#f1-9_131){ref-type="fig"} and [1B](#f1-9_131){ref-type="fig"}, respectively[@b11-9_131],[@b25-9_131]. Both structures consist of three domains: domains A, B, and C, similarly to a/eRF1 structure ([Fig. 1C](#f1-9_131){ref-type="fig"})[@b17-9_131],[@b26-9_131]. Although the relative orientation between each domain is different, the shape of each domain is similar between aPelota and Dom 34. The structures of domains B and C of aPelota/Dom34 are similar to those of a/eRF1, but there are some differences between them. Domain B of a/eRF1 harbors the long loop containing highly conserved GGQ motif, which catalyzes peptidyl-tRNA hydrolysis in translation termination[@b27-9_131] ([Fig. 1C](#f1-9_131){ref-type="fig"}). The corresponding loop of aPelota/Dom34 (Loop C) does not harbor GGQ motif, while it was shown to play important role in the endonucleolytic cleavage of aberrant mRNAs in NGD[@b16-9_131]. In addition, the highly conserved unique motif of PGF/Q sequence exists in domain B of aPelota/Dom34 ([Fig. 1A and B](#f1-9_131){ref-type="fig"}). PGF/Q motif was also shown to be important for that[@b16-9_131].

Furthermore, the structure of domain A is different between aPelota/Dom34 and a/eRF1 ([Fig. 1A](#f1-9_131){ref-type="fig"}, [1B](#f1-9_131){ref-type="fig"}, and [1C](#f1-9_131){ref-type="fig"}), which may reflect the functional difference between them. Domain A of Dom34 was considered to interact with stalled ribosomes in the A site just as that of a/eRF1 recognizes a stop codon there[@b9-9_131],[@b26-9_131]. This proposal was supported by the observation that the mutations of two loops at the tip of domain A of Dom34 (Loop A and B) ([Fig. 1B](#f1-9_131){ref-type="fig"}) reduce the endonucleolytic mRNA cleavage efficiency in NGD[@b16-9_131]. Domain A of aPelota/Dom34 has weak similarity to Sm-fold proteins, which generally bind to single-stranded RNA[@b11-9_131],[@b28-9_131]. The previous study reported the *in vitro* endoribonuclease activity of domain A of aPelota/Dom34[@b11-9_131], while other experimental data are against that observation[@b16-9_131],[@b18-9_131]. The recent study reported that Dom34 and Hbs1 are involved in the endonucleolytic cleavage of mRNAs but not essential[@b18-9_131].

Structures of Dom34·Hbs1 complex and aPelota·aEF1α· GTP complex
===============================================================

Following the structure determination of Dom34/aPelota, crystal structures of yeast Dom34·Hbs1 complex and archaeal aPelota·aEF1α·GTP complex were reported ([Fig. 2A and 2B](#f2-9_131){ref-type="fig"})[@b9-9_131],[@b29-9_131]. In the aPelota·aEF1α· GTP complex structure, GTP-bound aEF1α recognizes domains B and C of aPelota through the groove formed among its three domains: domains 1, 2, and 3. GTP is bound to domain 1 of aEF1α through a magnesium ion ([Fig. 2B](#f2-9_131){ref-type="fig"}). The structure of aPelota·aEF1α ·GTP complex is similar to that of Dom34· Hbs1 complex, although domain 1 of Hbs1 does not interact with Dom34, probably because it is not bound to GTP ([Fig. 2A and 2B](#f2-9_131){ref-type="fig"}). Hbs1 harbors N-terminal extension sequence absent in aEF1α, which is considered to stabilize the conformation of Hbs1 in complex with Dom34[@b29-9_131] ([Fig. 2A](#f2-9_131){ref-type="fig"}). Therefore, the functional roles of Dom34/aPelota and Hbs1/aEF1α in NGD are considered to be essentially the same between archaea and eukaryotes.

Loop C and PGF/Q motif of aPelota
=================================

aPelota stabilizes GTP-bound domain 1 of aEF1α through several interactions with it, which is consistent with the previous observation that Dom34 increases the affinity of Hbs1 to GTP[@b25-9_131]. Lys162 of Loop C of aPelota interacts with Glu65, Asp73, and Thr75 of aEF1α domain 1 ([Fig. 3A](#f3-9_131){ref-type="fig"}). Furthermore, the highly conserved PGF/Q motif of aPelota (from Pro199 to Gln201) forms a small bulge and interacts with the GTPase catalytic site of domain 1 of aEF1α ([Fig. 3B](#f3-9_131){ref-type="fig"}). Pro199 of aPelota seems to contribute to form the bulge, whose shape is complementary to that of the GTPase catalytic site of aEF1α. In addition, the main chain nitrogen of Gly200 of aPelota interacts with the side chain of His94 through the water molecule and sequesters it from the γ-phosphate of GTP ([Fig. 3B](#f3-9_131){ref-type="fig"}). His94 of aEF1α, which is highly conserved among translational GTPase family proteins, is considered to be responsible for the hydrolysis of GTP by activating the catalytic water molecule behind the γ-phosphate of GTP on ribosomes[@b30-9_131],[@b31-9_131], although the actual role of this histidine residue remains controversial[@b32-9_131],[@b33-9_131]. Therefore, if His94 of aEF1α actually activates the catalytic water molecule, the small bulge formed by PGF/Q motif of Dom34/aPelota is considered to stabilize the GTP bound to Hbs1/aEF1α by preventing the activation of the catalytic water molecule. These observations suggest that mutations of Loop C and PGF/Q motif of Dom34 destabilize GTP-bound domain 1 of Hbs1 and reduce intermolecular contacts between Dom34 and Hbs1, which may reduce the efficiency of the endonucleolytic mRNA cleavage in NGD.

A/T state tRNA-mimicry by aPelota
=================================

The overall structure of aPelota·aEF1α· GTP complex resembles that of aa-tRNA·EF-Tu·GDPNP complex[@b34-9_131], similarly to aRF1·aEF1α ·GTP complex structure[@b35-9_131], with domains A, B, and C of aPelota corresponding to anticodon arm, acceptor stem, and T stem of tRNA, respectively (GDPNP is a nonhydrolyzable analog of GTP.) ([Fig. 4A](#f4-9_131){ref-type="fig"}, [4B](#f4-9_131){ref-type="fig"}, and [4C](#f4-9_131){ref-type="fig"}). Therefore, Dom34/aPelota is considered to be delivered to the A site of stalled ribosomes in NGD, just as aa-tRNA is delivered to that of ribosomes harboring a sense codon in translation elongation, and a/eRF1 is delivered to that of ribosomes harboring a stop codon in translation termination.

The question is how Dom34·Hbs1·GTP/aPelota·aEF1α · GTP complex recognizes stalled ribosomes and causes NGD. The decoding mechanism by aa-tRNA·EF-Tu·GTP complex in bacteria is well studied[@b30-9_131],[@b31-9_131]. The aa-tRNA delivered to the ribosomal A site by GTP-bound EF-Tu forms the codon-anticodon paring by bending its anticodon arm approximately 30°. In this conformation, called A/T state, the aa-tRNA interacts with 16S rRNA nucleotides forming the decoding center (DC) of the ribosomal 30S subunit, such as G530, A1492, and A1493. The interaction between aa-tRNA and DC causes the conformation change of the ribosomal 30S subunit, which ultimately leads to the GTP-hydrolysis by EF-Tu and the release of EF-Tu from the ribosome. After the release of EF-Tu, aa-tRNA is fully accommodated into the ribosomal A site. Therefore, adopting A/T state conformation is responsible for the decoding by tRNAs because tRNAs can interact with DC through the correct codon-anticodon paring only when they adopt this conformation. Actually, it is reported that the miscoding efficiency by aa-tRNAs is drastically enhanced by enabling them to access the A/T state more easily by increasing the flexibility of tRNA body[@b36-9_131].

Interestingly, the present structure of aPelota bound to aEF1α is superposed better on the A/T state tRNA than on the tRNA in the isolated aa-tRNA·EF-Tu·GDPNP complex ([Fig. 5A and 5B](#f5-9_131){ref-type="fig"}). Domain A of aPelota is rigidly fixed in this conformation through several interactions with domain C. This observation implies that aPelota mimics ribosome-bound A/T state tRNA in advance. Therefore, aPelota delivered to the A site of the stalled ribosomes by aEF1α was proposed to directly recognize DC of them without codon recognition and cause NGD[@b9-9_131]. This proposal is consistent with the function of Dom34/aPelota in NGD. Because random or no codon exists in the A site of the stalled ribosome, Dom34/aPelota should recognize the ribosomal A site in a codon-independent manner.

Implications for NGD
====================

Based on these observations, the docking model of ribosome in complex with aPelota·aEF1α ·GTP was constructed[@b9-9_131] ([Fig. 6A](#f6-9_131){ref-type="fig"}). In this model, aPelota directly interacts with phosphates of nucleotides forming DC through its positively charged residues on its domain A ([Fig. 6B](#f6-9_131){ref-type="fig"}). Mutations of counterpart residues of Dom34 reduced its *in vivo* efficiency of both endonucleolytic mRNA cleavage and dissociation of ribosomes stalled at the 3′ end of mRNA in NGD[@b9-9_131]. Mutations of Loop A and Loop B of Dom34 brought a similar effect[@b9-9_131]. These results strongly support that domain A of Dom34/aPelota recognizes the A site of the stalled ribosomes in a codon-independent manner in NGD.

Then, the role of GTP hydrolysis by Hbs1 in NGD was analyzed. Hbs1 mutants deficient in the GTPase activity showed a complete loss of ribosome dissociation activity, whereas moderately reduced mRNA cleavage activity[@b9-9_131]. This result implies that GTP hydrolysis by Hbs1 is essential for the ribosome dissociation but not for the mRNA cleavage, which is consistent with the previous observation that Hbs1 is not essential for the mRNA cleavage[@b18-9_131]. It was also reported that GTP hydrolysis by aEF1α is repressed on ribosomes in the presence of aPelota[@b17-9_131]. Therefore, Dom34/aPelota is considered to delay ribosome dissociation by repressing GTP hydrolysis activity of Hbs1/aEF1α on ribosomes in NGD, which may ensure the putative endonucleolytic cleavage of mRNA before ribosome dissociation.

Based on these observations, the following NGD mechanism was proposed[@b9-9_131]. First, ribosomes stalled on aberrant mRNAs are detected by Dom34·Hbs1·GTP/aPelota· aEF1α·GTP complex. Dom34/aPelota is inserted into ribosomal A site and directly recognizes DC by mimicking A/T state tRNA. Secondly, the putative endonuclease is recruited and cleaves the aberrant mRNA. Dom34/aPelota may enable the endonuclease to cleave mRNA before ribosome dissociation by repressing GTP hydrolysis by Hbs1/aEF1α. Finally, GTP is hydrolyzed by Hbs1/aEF1α, which would induce the dissociation of the stalled ribosome.

ABCE1: an essential factor for the ribosome dissociation
========================================================

Consistent with the proposed NGD mechanism, Dom34· Hbs1·GTP complex was shown to detect the A site of stalled ribosomes and promotes subunit dissociation and peptidyl-tRNA drop off in an A site codon-independent manner *in vitro*[@b37-9_131]. It was also reported that Dom34 and Hbs1 enables exosome to degrade mRNAs by dissociating stalled ribosomes[@b20-9_131]. Furthermore, the Cryo-EM image of the yeast stalled ribosome in complex with Dom34·Hbs1·GDPNP was reported[@b38-9_131]. The structure of ribosome-bound Dom34· Hbs1·GDPNP complex is similar to that of aPelota·aEF1α · GTP complex[@b9-9_131], and domain A of Dom34 directly interacts with the DC. Therefore, it was shown that Dom34 directly recognizes the A site of stalled ribosomes by mimicking A/T state tRNA in advance. As a result, Dom34·Hbs1·GTP complex may dissociate the stalled ribosome and drop off the peptidyl-tRNA in a codon-independent manner. Because Dom34 and Hbs1 interact with rRNA and ribosomal proteins forming an mRNA stabilizing network, they were suggested to destabilize mRNA by disrupting this network[@b38-9_131].

However, additional factors are considered to be required for the ribosome dissociation in NGD under physiological conditions because the efficiency of ribosome dissociation by Dom34·Hbs1·GTP complex is low[@b38-9_131]. As a factor responsible for the eukaryotic ribosome dissociation in NGD, ABCE1 protein, which is highly conserved in eukaryotes and archaea (Rli1 in yeast and aABCE1 in archaea) was identified[@b39-9_131] ([Table 1](#t1-9_131){ref-type="table"}). ABCE1 is a member of the ATP-binding cassette superfamily, which facilitates mechanochemical work by its conformation change induced by ATP binding and hydrolysis[@b40-9_131]. After translation termination is completed, aABCE1/ABCE1 interacts with a/eRF1 in ribosomes and promotes the dissociation of ribosomes into subunits in an ATP-dependent manner[@b41-9_131]--[@b43-9_131]. Moreover, *in vitro* reconstitution analysis showed that mammalian Pelota· Hbs1·GTP complex efficiently dissociates ribosomes on mRNAs lacking stop codon only in the presence of ABCE1 and ATP[@b39-9_131]. Therefore, aABCE1/ABCE1 is considered to be responsible for the ribosome dissociation in both translation termination and NGD.

Structures of ribosome in complex with Dom34 and Rli1, and that with aPelota and aABCE1
=======================================================================================

The cryo-EM image of yeast ribosome in complex with Dom34 and Rli1, and that of archaeal ribosome in complex with aPelota and aABCE1 showed that Rli1/aABCE1 occupies the intersubunit space of ribosomes, where translational GTPases such as EF-Tu and Hbs1 also bind, and forms multiple contacts with both ribosomal subunits via all domains of Rli1/aABCE1[@b44-9_131]. In addition, the iron-sulphur cluster (FeS) domain of Rli1/aABCE1, which contains two \[4Fe-4S\] clusters, interacts with domain C of Dom34/aPelota. Therefore, the dissociation of Hbs1/aEF1α from ribosomes caused by GTP hydrolysis may precede Rli1/aABCE1 binding. As for Dom34/aPelota, a notable conformation change is observed in its domain B. Compared with their Hbs1/aEF1α-bound conformation, they rotated by approximately 140° toward P site tRNA and interacts with the acceptor stem of it through the Loop C ([Fig. 7A](#f7-9_131){ref-type="fig"} and [7B](#f7-9_131){ref-type="fig"}) (Movies explaining this conformation change are available from ref. [@b44-9_131].). Therefore, the Loop C of Dom34/aPelota may be involved in the recognition of both Hbs1/aEF1α and P site tRNA, which further explains the important role of the Loop C in NGD[@b16-9_131]. Furthermore, Dom34/aPelota domains form a broad interaction network with both ribosomal subunits, as well as with P-site tRNA. Therefore, these observations imply that ATP-driven conformation change of Rli1/aABCE1 may be transmitted through the contact between FeS domain and Dom34/aPelota to P site tRNA and ribosomal subunits, which may ultimately dissociate ribosomes by destabilizing ribosomal intersubunit bridges and P site tRNA. The functional role of the FeS domain as the bridge between Rli1/aABCE1 and Dom34/aPelota is supported by the previous report that the deletion of this domain of aABCE1 abolishesd its ribosome dissociation activity[@b42-9_131]. However, it is also possible that the ATP-driven conformation change of Rli1/aABCE1 directly disrupts ribosomal intersubunit bridges.

Based on these insights, the following ribosome dissociation mechanism in NGD was proposed[@b44-9_131]. After Dom34/aPelota recognizes the stalled ribosome, Hbs1/aEF1α hydrolyzes GTP and is released from it. Subsequently, Dom34/aPelota domain B is rotated and interacts with the acceptor stem of P site tRNA. Then, Rli1/aABCE1 binds to the canonical GTPase binding site of the ribosome between subunits and recognizes Dom34/aPelota domain C. Finally, the conformation change of Rli1/aABCE1 caused by ATP binding and hydrolysis induces ribosome dissociation into subunits directly or indirectly through conformation changes of Dom34/aPelota. However, further studies are required for understanding how Rli1/aABCE1 dissociates ribosomes into subunits in an ATP-dependent manner.

Similarities and differences between NGD and translation termination
====================================================================

NGD is analogous to translation termination. First, GTP-bound Hbs1 delivers Dom34 to the A site of stalled ribosomes, whereas GTP-bound eRF3 delivers eRF1 to the A site of ribosomes harboring a stop codon ([Table 1](#t1-9_131){ref-type="table"}). Dom34 and Hbs1 are related to eRF1 and eRF3, respectively. Although the crystal structures of Dom34·Hbs1·GTP complex and eRF1·eRF3· GTP complex are not determined, those of aPelota·aEF1α· GTP complex and aRF1·aEF1α · GTP complex are similar[@b9-9_131],[@b35-9_131].

However, the shapes of domain A, which may be involved in the recognition of ribosomes are different between aPelota and aRF1. aPelota is considered to directly recognize the DC of stalled ribosomes in an A site codon-independent manner by rigidly fixing its domain A and mimicking the shape of A/T state tRNA. In contrast, domain A of aRF1, which harbors stop codon recognition sequences, seems to be flexible because it does not interact with its domains B and C. The flexibility of aRF1 domain A may mimic the anticodon arm flexibility of tRNA. As described above, the flexibility of tRNA anticodon arm plays an important role in the correct decoding because it enables tRNAs to interact with DC by adopting the A/T state conformation only when they form the correct codon-anticodon paring[@b30-9_131]. Similarly to decoding by tRNA, translation termination by e/aRF1 should occur in a stop codon-dependent manner. Therefore, the flexibility of aRF1 domain A may enable it to interact with DC and terminate translation only when it recognizes a stop codon[@b35-9_131].

Second, GTP hydrolysis by Hbs1/eRF3 on ribosomes enhances NGD/translation termination process. It may be required for the conformation change of domain B of Dom34/eRF1 in ribosomes and the release of GDP-bound Hbs1/eRF3 from ribosomes. Given the similarity of domains B and C between Dom34 and eRF1, domain B of eRF1 may adopt the conformation similar to that of Dom34 and interact with the acceptor stem of tRNA after the release of GDP-bound eRF3[@b44-9_131]. Then, because the loop of eRF1 corresponding to Loop C of Dom34 harbors GGQ motif, which is responsible for the hydrolysis of peptidyl-tRNA, it may be ideally positioned to contact the polypeptide-bound CCA end of P site tRNA in the peptidyl transferase center[@b44-9_131]. Therefore, in the translation termination process, the rearrangement of eRF1 domain B may be responsible for the hydrolysis of peptidyl-tRNA in the P site.

Third, following the conformation change of Dom34/eRF1, Rli1 interacts with it and finally dissociate ribosomes into subunits in an ATP-dependent manner. Therefore, Dom34·Hbs1·GTP complex is responsible for the dissociation of ribosomes stalled on mRNA, whereas eRF1·eRF3·GTP complex is for the dissociation of those harboring a stop codon.

Conclusion and Perspective
==========================

Dom34 and Hbs1 were initially considered to be involved in the cleavage and subsequent degradation of mRNAs harboring the stable stem loop structure[@b8-9_131]. However, recent studies revealed that they enhance the degradation of other aberrant mRNAs such as those lacking stop codons, 5′ side of mRNAs truncated by NGD, and so on[@b20-9_131]. Dom34 and Hbs1 are considered to dissociate stalled ribosomes into subunits, which enables exosome to degrade mRNAs[@b20-9_131]. Although the ribosome dissociation from mRNAs lacking stop codons and subsequent degradation of them were initially considered to involve the C-terminal domain of Ski7 in yeast[@b22-9_131], recent studies revealed that it is involved in the degradation of those mRNAs but not in ribosome dissociation[@b20-9_131]. In addition, the recent study reported that Pelota and Hbs1 facilitate the degradation of mRNAs lacking stop codons in mammalian cells lacking Ski7[@b45-9_131]. Therefore, further studies are required to reveal the functional role of Ski7 in NGD. Moreover, Dom34 and Hbs1 are responsible also for the detection of stalled ribosomes on mRNA because of the defect in their 18S rRNA[@b23-9_131]. It was also reported that Dom34 and Hbs1 are involved in the clearance of ribosomes which stalled on the endoplasmic reticulum surface in the process of the co-translational translocation of secretory proteins[@b46-9_131]. Therefore, Dom34 and Hbs1 are considered to be responsible for solving the general problems of ribosomal stall in translation. Structural studies proposed that Dom34 is delivered to the A site of stalled ribosomes by GTP-bound Hbs1, and that subsequent GTP hydrolysis and release of GDP-bound Hbs1 allow Rli1 to bind ribosomes and to dissociate them into subunits in an ATP-dependent manner.

However, at least two questions about the function of Dom34 and Hbs1 in NGD remain to be answered. The first question is how the endonucleolytic cleavage of aberrant mRNAs occurs in NGD. Although Dom34 and Hbs1 stimulate the endonucleolytic cleavage of aberrant mRNAs, that is reported to occur independent of them[@b18-9_131]. The endo- and exonuclease activity of exosome is responsible for the rapid degradation of mRNAs lacking stop codons, but the endonuclease activity of it is not required for the endonucleolytic cleavage of mRNAs containing stem loops[@b47-9_131]. Therefore, how aberrant mRNAs are endonucleolytically cleaved and how Dom34 and Hbs1 stimulate that in NGD remain to be elucidated.

The second question is concerned with the interaction between Dom34 and ribosomes. Although Dom34 was reported to interact with the A site of ribosomes stalled in the middle of mRNAs[@b37-9_131], *in vitro* reconstitution analyses showed that the ribosome dissociation efficiency by Dom34/Pelota· Hbs1·GTP complex in concert with Rli1/ABCE1 depends on the length of mRNA downstream of the ribosomal P site[@b43-9_131]. Dom34/Pelota·Hbs1·GTP complex cannot efficiently dissociate ribosomes containing long mRNA nucleotides downstream of the P site even in the presence of Rli1/ABCE1[@b39-9_131],[@b43-9_131]. Hbs1 is considered to confer the dependency on the length of mRNA in NGD[@b43-9_131]. Therefore, the main target of Dom34/Pelota·Hbs1·GTP complex may be ribosomes stalled at the 3′ end of mRNAs. Then, ribosomes following the first stalled one will be efficiently dissociated by Dom34/Pelota· Hbs1·GTP complex because the cleavage of mRNA by the first stalled ribosome will lead all following ribosomes to ultimately stall at the 3′ end of mRNA. However, how are ribosomes stalled in the middle of mRNA, for instance by the stem loop structure of mRNA or poly(A) tail, dissociated? If the endonucleolytic cleavage occurs in the vicinity of A site downstream the stalled ribosomes, they may be dissociated by Dom34/Pelota·Hbs1·GTP complex because they will ultimately stall at the 3′ end of mRNA. However, it was reported that the endonucleolytic cleavage occurs mainly at the 5′ side of stalled ribosomes[@b20-9_131]. In order to answer these questions, further structural and functional studies of Dom34/Pelota and Hbs1 are required.

Moreover, recent studies reported that Dom34 plays a functional role in the area other than translation. In the maturation process of ribosomal 40S subunits, 60S subunits join pre-40S subunits to form 80S-like ribosomes[@b48-9_131]. Following this, Dom34 and Rli1 dissociate 80S-like ribosomes to prepare mature 40S subunits for the translation initiation[@b48-9_131]. Consistent with this observation, 80S monosomes accumulate in yeast *dom34*Δ strain, suggesting the repression of translation initiation[@b49-9_131],[@b50-9_131]. These observations suggest that Dom34 plays important roles not only in translation but also in ribosome maturation. Therefore, further functional studies of Dom34 and Hbs1 may reveal novel functions of them as well as the molecular mechanism of NGD.

![Crystal structures of (A) aPelota from *Thermoplasma acidophilum* (PDB ID: 2QI2), (B) Dom34 from *Saccharomyces cerevisiae* (PDB ID: 2VGM), and (C) aRF1 from *Aeropyrum pernix* (PDB ID: 3AGK). Domains A, B, and C are colored turquoise, light blue and purple, respectively. Disordered loops are represented as dashed lines. Loop A, B, C, and PGF/Q motif are colored yellow, green, blue, and pink, respectively.](9_131f1){#f1-9_131}

![Crystal structures of (A) Dom34·Hbs1 complex (PDB ID: 3MCA) and (B) aPelota·aEF1α·GTP complex (PDB ID: 3AGJ). Domains 1, 2, and 3 of Hbs1/aEF1α are colored red, brown, and yellow, respectively. N-terminal extension of Hbs1 is colored light green. Dom34 and aPelota are colored as in [Figure 1](#f1-9_131){ref-type="fig"}. GTP bound to aEF1α domain 1 is shown by ball-and-stick model.](9_131f2){#f2-9_131}

![Detailed interaction manner between GTP-bound aEF1α and aPelota through (A) Loop C and (B) PGF/Q motif of aPelota. aEF1α and aPelota are colored as in [Figure 2](#f2-9_131){ref-type="fig"}. Water molecules and the magnesium ion are depicted by red and gray spheres, respectively. Hydrogen bonds are indicated by dashed blue lines. The catalytic pathway of the nucleophilic attack to the γ-phosphate of GTP caused by the activation of the water molecule by His94 of aEF1α is shown by arrows.](9_131f3){#f3-9_131}

![Crystal structures of (A) aPelota·aEF1α·GTP complex (PDB ID: 3AGJ), (B) aa-tRNA·EF-Tu·GDPNP complex (PDB ID: 1TTT), and (C) aRF1·aEF1α·GTP complex (PDB ID: 3VMF). Domains are colored as in [Figure 2](#f2-9_131){ref-type="fig"}. The anticodon arm, acceptor stem, and T-stem of tRNA are colored turquoise, light blue and purple, respectively.](9_131f4){#f4-9_131}

![Structural comparison of aEF1α-bound aPelota (PDB ID: 3AGJ) with (A) tRNA bound to EF-Tu (PDB ID: 1TTT) and (B) A/T state tRNA bound to EF-Tu and mRNA in the ribosomal A site (PDB ID: 2XQD). aPelota and aEF1α/EF-Tu are colored as in [Figure 2](#f2-9_131){ref-type="fig"}, while tRNA is colored yellow. This figure was cited and modified from ref. [@b9-9_131].](9_131f5){#f5-9_131}

![The docking model of the ribosome in complex with aPelota·aEF1α·GTP. (A) The overall view of the docking model. The 50S and 30S subunits of the ribosome (PDB ID: 2WRR and 2RWQ) are colored green and brown, respectively. tRNAs in the E and P sites, aPelota, and aEF1α are shown in surface representations colored purple, blue, light blue, and red, respectively. (B) Close up view around DC of this model. aPelota is shown in the surface representation with positively charged regions and the negatively charged regions colored blue and red, respectively. The intensity of the color is proportional to the local potential (range −10 kT/e to +10 kT/e). mRNA is colored green. 16S rRNA nucleotides seemed to interact with aPelota domain A are colored red. This figure was cited and modified from ref. [@b9-9_131].](9_131f6){#f6-9_131}

![Structural comparison between GDPNP·Hbs1-bound Dom34 and Rli1-bound Dom34. (A) Structure of Dom34·Hbs1·GDPNP complex in ribosomal A site (PDB ID: 3IZQ). (B) Structure of Dom34·Rli11 complex in ribosomal A site (PDB ID: 3J16). The movement of domain B of Dom34 from its Hbs1-bound position is indicated as an arrow. Dom34 is colored as in [Figure 1](#f1-9_131){ref-type="fig"}. Hbs1 and Rli1 are colored gray. P-site tRNA is colored yellow.](9_131f7){#f7-9_131}

###### 

Names of factors involved in translation elongation, termination, No-go decay, and ribosome recycling

                                                     Elongation   Termination   No-go decay   Ribosome recycling                            
  -------------------------------------------------- ------------ ------------- ------------- -------------------- ------- ---------------- --------------
  Eukaryotes (Yeast)                                 eEF1α        aa-tRNA       eRF3          eRF1                 Hbs1    Pelota (Dom34)   ABCE1 (Rli1)
  Archaea                                            aEF1α        aa-tRNA       aEF1α         aRF1                 aEF1α   aPelota          aABCE1
  Bacteria[^\*^](#tfn1-9_131){ref-type="table-fn"}   EF-Tu        aa-tRNA       --            --                   --      --               --

In bacterial, factors for elongation only are shown because the reaction mechanisms of other processes are different from those in eukaryotes and archaea.
